INTRODUCTION
nabe heritable hyperlipidemic rabbits is associated with increases in inducible nitric oxide synthase (NOS2) and endothelin-1 (ET-1) immunoreactivity. In contrast, there is a reduction of immunoreactivity for neuronal NOS (NOS1) in aortic endothelial cells, but no change in Atherosclerotic lesions can alter vascular responses to endothelial NOS (NOS3) immunoreactivity. However, subendothelial stimuli in humans and other animals (Verbeuren et al., 1986, macrophages and smooth muscle showed a different pattern of immuno-1990; Bossaller et al., 1987; Forstermann et al., 1988; Kolod- reactivity of NADPH-diaphorase (NADPH-d), NOS2, ET-1, and NOS1. gie et al., 1990; Lefer and Sedar, 1991; Cirillo et al., 1992;  The lipid-rich macrophages in the intima were positively labeled for NADPH-d, NOS1, NOS2, NOS3, and ET-1. Smooth muscle cells in Ragazzi et al., 1993) . Endothelium-dependent and endothethe subendothelium and the medial layers of the vascular wall were lium-independent relaxation can be reduced in atherosclealso positive for these markers. These results are consistent with the rotic arteries while vasoconstrictor responses can be enreduction of endothelium-dependent vasorelaxation that is known to hanced. These modifications in vascular reactivity vary occur during the development and progression of atherosclerosis in considerably among the different models of atherosclerosis familial hypercholesterolemia. The data suggest a key role for vasoactive substances in the development of atherosclerosis. ᭧ 2001 ᭧ Aca-1995 . Injuries (e.g., mechanical, chemical, viral, or bacte-MATERIALS AND METHODS rial) to the vascular system cause the release of mediators such as interleukin-1 and tumor necrosis factor ␣ by inflammatory cells. These mediators induce NOS2 in most Animals. Male WHHL and New Zealand White rabbits (NZW; newborn, 3-6 months, 12 months, and 24 months vascular cells (e.g., macrophages, ECs, smooth muscle cells, and fibroblasts) (Dusting, 1995; Nathan and Xie, 1994) . of age; five animals for each age group) were obtained from the animal facility of Southampton University. All animals Chronic inhibition of NO production accelerates neointima formation and impairs endothelial function in hypercholesreceived the same standard laboratory diet and water ad libitum. terolemic rabbits (Cooke et al., 1992; Cayatte et al., 1994; Tsao et al., 1994) . This neointima formation impairs the Perfusion fixation. Rabbits, under terminal anesthesia, were perfused retrogradely via the abdominal aorta with NO-and prostacyclin-mediated vasodilator function of ECs (De et al., 1991 (De et al., , 1992 Arthur et al., 1994) . In addition, Medium 199 containing 10 IU/ml heparin for 1 min and then perfusion fixed with 0.1 M cacodylate buffer containing endogenous NO may modulate endothelial-monocyte interaction (Tsao et al., 1994 (Tsao et al., , 1996 Zeiher et al., 1995) , which 4% paraformaldehyde and 0.1% glutaraldehyde at pH 7.3 (Aliev et al., 1993 (Aliev et al., , 2000 according to the BHF and plays an important role in the suppression of vascular adhesion molecule-1 (Tsao et al., 1996) . ECs synthesize, store, NIH guidelines for the use of animals in research. The thoracic aorta was dissected and immersion fixed for 4-6 h at and release a number of other vasoactive substances including endothelin-1 (ET-1) (Yanagisawa et al., 1988; Lerman 4ЊC with the same fresh fixative solution. Finally, aortic tissues were transferred to cacodylate buffer and stored overet al., 1990; Tsao et al., 1996) , a process that inhibits NO. However, the exact role of NO and ET-1 in the pathogenesis night at 4ЊC. The aorta was sectioned to produce 6-to 8-mm-long strips that were then processed for NADPH-d of atherosclerosis remains unclear and controversial. The balance of the EDRF/NO-ET system may play a crucial role histochemistry and for pre-and postembedding EM immunocytochemistry. in vascular homeostasis especially during cardiac allograft rejection (Szabolcs et al., 1996) , congestive heart failure (Xie NADPH-d histochemistry. Strips of aorta for NADPHd staining were incubated with 1.2 mM ␤-NADPH, 0.24 M et al., 1996) , cardiomyopathy (De et al., 1993) , postischemic vascular injury (Verbeuren et al., 1990; Kubes et al., 1991;  nitroblue tetrazolium, 15.2 mM L-malic acid, and 0.01% Triton X-100 or 0.01% Tween 20 in 0.1 M Tris HCl (pH Niu et al., 1996) , and atherogenesis (Lerman and Burnett, 1992; Aliev et al., 2000) , after long-term sympathectomy 7.4) at 37ЊC for 100 min. Aortic tissues were then washed in Tris buffer four times for 10 min. Samples were then , and in the development of vascular diseases, such as hypertension (Watts et al., 1994; Wenn- processed for standard EM procedure. Semithin sections for preliminary light microscopy analysis were stained with malm, 1994; White et al., 1994) , as well as during normal aging processes (Loesch et al., 1991; Aliev et al., 1995;  toluidine blue. Randomly selected ultrathin sections were stained with uranyl acetate and lead citrate and studied using Loesch and Burnstock, 1995) .
Changes in the endothelial content of NOS and ET-1 could a Jeol TEM-1010 or Jeol 1200 CX microscope operating at 80 kV. Control tissues were processed using the same occur in the development of atherosclerotic lesions before visible ultrastructural or functional changes to the endotheprocedure but without ␤-NADPH or nitroblue tetrazolium. Preembedding immunocytochemistry. Immunocytolium are detected. Little is known about the ultrastructural distribution of different isoforms of NOS (NOS1, NOS2, and chemistry of NOS1, NOS2, NOS3, and ET-1 in thoracic aortic tissues was performed using the peroxidase-anti-per-NOS3) and ET-1 during the development and progression of atherosclerosis and their relationship to NADPH-diaphorase oxidase (PAP) method as previously reported (Aliev et al., , 2000 . Briefly, samples were exposed to 0.3% H 2 O 2 (NADPH-d) histochemical activity. In the present study we used Watanabe heritable hyperlipidemic (WHHL) rabbits as in 50% methanol for 30 min and washed in 0.1 M Tris buffer (Tris), pH 7.4. Samples were then exposed to normal goat a model for the study of human familial hypercholesterolemia (Buja et al., 1983) . We investigated the influence of serum (NGS) diluted 1:40 in Tris containing sodium azide and bovine albumin for 1.5 h and rinsed in Tris solution. atherosclerotic lesions on NADPH-d histochemistry, NOS1, NOS2, NOS3, and ET-1 immunoreactivity in intimal cells
Samples were incubated for 48 h at 4ЊC with monoclonal antibody for NOS2 (1:500), NOS3 (1:1000), or rabbit antiof the thoracic aorta (Aliev et al., 1993) . Pre-and postembedding electron microscopy (EM), immunocytochemistry, and body for NOS1 or ET-1 (1:1000) in Tris containing sodium azide and bovine albumin. The specimens were then washed NADPH-d histochemistry were used for qualitative and quantitative analyses.
in Tris and exposed to goat anti-mouse or goat anti-rabbit immunoglobulin G serum (IgG; mono-or polyclonal antiControls for pre-and postembedding immunocytochemistry. Monoclonal antibody against NOS2 was purchased bodies, respectively) diluted 1:40 in Tris with sodium azide from Transduction Laboratories (Lexington, KY). The speciand bovine albumin for 1.5 h. The specimens were then ficity and characteristics for the monoclonal antibody against washed in Tris and exposed to a monoclonal mouse or poly-NOS3 (H-32) antibody have been reported previously (Polclonal rabbit PAP complex diluted 1:60 in Tris for 3 h. After lock et al., 1993; Aliev et al., 1996 Aliev et al., , 2000 . Rabbit polyclonal exposure to 3Ј,3Ј-diaminobenzidine and H 2 O 2 , the speciantiserum against NOS1 was obtained from Abbot Laboramens were washed in Tris and postfixed with 2.5% glutaraltories (Chicago, IL). The characteristics of this antibody dehyde in cacodylate buffer overnight. Samples were then have also been reported  Loesch and processed for standard EM procedure (Aliev et al., 1993 . Rabbit antiserum against human ET-1 was 1995 ET-1 was , 1996 ET-1 was , 2000 . Semithin sections for preliminary light purchased from Sigma (St. Louis, MO) and the specificity microscopic analysis were stained with 1% toluidine blue.
has been demonstrated recently (Aliev et al., , 2000 ; Ultrathin sections for immunocytochemistry were stained Loesch et al., 1991; Loesch and Burnstock, 1995) . Specificwith uranyl acetate and lead citrate and investigated using ity control included the omission of primary antibodies and a Jeol TEM-1010 or Jeol TEM 1200 EX microscope.
the IgG step and the preabsorption of the antiserum with Postembedding double gold labeling immunocytochemissynthetic peptides corresponding to the antigen. The control try. Strips of aorta (osmicated or nonosmicated) were procedure for PAP was similar to that described above. dehydrated in ethanol and propylene oxide and embedded
In preliminary experiments, we tested the specificity of in Unicryl. Localization of NOS1 (10 or 20 nm), NOS2 (10 consecutive double labeling gold techniques (Aliev et al., nm) , NOS3 (10 nm), and ET-1 (10 or 20 nm) in aortic wall 1996; Loesch and Burnstock, 1995) . The single and double cells was examined in ultrathin sections of the specimens labeling for different antibodies was also tested using differ-(on uncoated nickel grids) utilizing the immunogold labeling ent sizes of gold particles (10 and 20 nm). The specificity techniques reported previously (Loesch et al., 1991; of face A and B of sections was also tested. Moreover, some et al., 1996) . The procedure was as follows: sections were grids were incubated with mixed antibody (NOS2 or NOS3 (1) exposed to 5% H 2 O 2 solution at room temperature for in combination with another polyclonal antibody: NOS2 and 15 min; (2) washed five times in twice-distilled water at 5-ET-1; NOS3 and ET-1; NOS2 and NOS1; NOS3 and NOS1). min intervals; (3) incubated with hot inactivated NGS (1:10)
The density of gold particles for different vasoactive subin Tris buffer with 0.5% bovine albumin serum, 0.1% Tween stances was the same for double labeling (data not shown). 20, 0.9% NaCl, and 0.1% sodium azide (pH 8.0); (4) washed After the stabilization of double labeling, postembedding five times with buffer solution every 20 min; (5) incubated double gold immunocytochemistry procedures were generwith primary antibody to NOS1, or NOS2, or NOS3 (dilution ally used. Control specimens were exposed to the same 1:300-400) overnight at 4ЊC in Tris buffer; (6) washed with procedure, after the omission of primary antibody or by Tris buffer five times every 20 min; (7) incubated at room incubation with a synthetic antibody. temperature for 3-4 h with goat anti-rabbit (for NOS1) or
Morphometric measurements. The number of ECs posigoat anti-mouse IgG (for NOS2 or NOS3) serum-coated tive or negative for NADPH-d, NOS1, NOS2, NOS3, and colloidal gold probe coupled to 10-nm gold particles at a ET-1 were counted in ultrathin sections taken from at least dilution of 1:75-90 in Tris buffer; (8) washed five times 5 different levels of each specimen from five rabbits in each with Tris buffer containing Tween 20 every 20 min; (9) age group (Aliev et al., , 2000 Burnstock, washed five times with twice-distilled water every 20 min.
1995). The percentage of ECs positively stained for The same procedure was used for second labeling with poly-NADPH-d was calculated for each rabbit. When examined clonal antibody against NOS1 or ET-1. Polyclonal antibody with an EM, ECs were counted on randomly selected areas. specimens were incubated with hot inactivated NGS diluted
The specific volume of gold particles (number of gold in the same Tris buffer. Dilution of primary antibody for particles per square micrometer) in ECs for antibodies second labeling was 1:200. The concentration of goat antiagainst NOS1, NOS2, NOS3, and ET-1 was evaluated by rabbit IgG serum-coated colloidal gold particles was 1:50-counting gold granules and tissue points from randomly 60. Other steps of the immunogold labeling procedure were selected photographic fields (100 observations from each of as above. Finally, after several further washings with Tris and the five animals used per age group) as reported previously twice-distilled water, specimens were stained with uranyl . acetate and lead citrate and examined using a transmission Statistical analysis. All values were expressed as mean Ϯ SEM of n observations. Two-way analysis of variance electron microscope. was used to analyze results from repeated measurements.
atherosclerotic lesions in the aorta of WHHL rabbits (Fig. End-point experiments were tested for analysis of variance. 2d). The intensity of NOS1 immunoreactivity correlated This was followed by a least significant difference procedure with the degree of atherosclerotic lesion, but lipid-laden (SPSS, Inc.) to determine the significance of differences areas of the cytoplasm were always free from immunoposibetween groups. P values of less than 0.05 were considered tive precipitate (Fig. 2d ). In contrast, immunopositive stainstatistically significant.
ing was only localized in thoracic aorta ECs of NZW rabbits. In WHHL rabbits, NOS3 immunostaining was unchanged during the development of atherosclerotic lesions (Table 2) . However, in ECs with dystrophic changes, the intensity of RESULTS NOS3 immunostaining decreased and was very often absent (Figs. 3a, and 3b). NOS3 immunostaining was frequently seen in the cytoplasm of subendothelial macrophages and/ NADPH-d histochemistry. NADPH-d histochemical or SMC (Fig. 3b) . In control specimens where the primary staining was observed in the membrane and cytoplasm of antibody was omitted, no immunopositive reaction was presthe granular endoplasmic reticulum of ECs from NZW (Fig. ent in the cytoplasm of ECs, in the nuclei, or in any other 1a) and WHHL rabbits (Table 1) , comparable to the first layer of the thoracic aortic wall in NZW or WHHL rabbits description of electron microscope immunolocalization of ( Fig. 2c ). NADPH-d in endothelial cells (Loesch et al., 1993) . HowPreembedding PAP immunocytochemistry: NOS2. Only ever, the NADPH-d histochemical reaction was seen in mein newborn NZW rabbits did ECs show a slight immunoposidial layers of thoracic aorta only in WHHL rabbits with tive reaction for the antibody against NOS2 (data not shown). atherosclerotic lesions, but not in nonlesioned aortic wall However, in WHHL rabbits, aortic intima showed an immuof WHHL or in NZW control rabbits. The structures of nopositive reaction for NOS2 in EC of all age groups ( Table 2 ). During aging, the intensity and the number of that showed the most intense NADPH-d histochemical reac-NOS2 immunopositive EC increased (Table 2) , but in ECs tions were in subendothelial macrophage foam cells or with dystrophic changes there was an absence of immunoresmooth muscle cells (SMCs), particularly in the late stages activity to NOS2 (Fig. 4c) . However, NOS2 immunoreactivof atherosclerotic lesion (12-and 24-month-old groups) ity was observed in subendothelial lipid-laden macrophages (Table 1) . NADPH-d reactivity was also seen in perivascular and SMCs (Figs. 4c and 4d ). The cytoplasm of SMC in nerves in atherosclerotic lesions of thoracic aorta in WHHL medial layers of aorta with atherosclerotic lesions also rabbits, especially in the 24-month-old group, but was not showed high immunopositive staining for NOS2. Lipid-conpresent in nonlesioned aorta from WHHL or in control NZW taining areas of the cytoplasm were free from immunoposirabbits. There is an age-related change in the percentage of tive precipitate. In control specimens no immunopositive NADPH-d positively stained ECs from NZW and WHHL reaction was seen after omission of the primary antibody. rabbits. Less NADPH-d-positive staining was observed in Preembedding PAP immunocytochemistry: ET-1. In older groups of NZW and WHHL rabbits (Table 1) . How-NZW rabbits the ultrastructural distribution of ET-1-immuever, lipid-laden areas of the cytoplasm were negative for nopositive ECs was unchanged across age groups. In mature NADPH-d. As a negative control, no staining was found in WHHL rabbits, there was threefold more ET-1-immunoposi-NZW and WHHL rabbits without NADPH-d or nitroblue tive ECs than in NZW rabbits of corresponding age (Table tetrazolium (Fig. 1b) .
2). The ultrastructural distribution of ET-1 immunoreactivity Preembedding PAP immunocytochemistry: NOS1 and during aging in NZW (Figs. 5a and b) and WHHL rabbits NOS3. Immunostaining for the antibodies against NOS1
was generally similar to that of the NOS immunostaining. and NOS3 in ECs of newborn to 24-month-old rabbits
In further advanced atherosclerotic lesions, aortic wall showed that the number of NOS1 immunopositive ECs gradcells, including ECs and other intimal cells, showed inually decreased with age in WHHL, but showed no change creased ET-1 immunoreactivity. Moreover, in 24-month-old in NZW rabbits (Table 2 ). In NZW (Figs. 2a and 2b ) and WHHL rabbits "whole" ET-1-immunopositive ECs were of-WHHL rabbits (Figs. 2d, 3a , and 3b) immunopositive stainten seen (Fig. 5d ). Increased ET-1 immunoreactivity in the ing for both NOS1 and NOS3 was seen in the cytoplasm of aortic intimal cells of atherosclerotic lesions, but not lipidaortic ECs, but not in the nucleus or in most other organelles containing areas of the cytoplasm, was observed. Often, like mitochondria and vesicles (Fig. 2b) . NOS1 immunoreactivity was found in cells of the intima and medial layers of "islands" of ET-1-immunopositive precipitate were observed in the subendothelium. The lesioned SMC from medial laygroups showed a large number of gold particles (10 or 20 nm) in the cytoplasm when stained for NOS1. NOS1-coners of the aortic wall also showed an intense ET-1-immunopositive reaction in their matrices.
taining gold particles were seen in the external membrane and in the cytoplasm of the granular endoplasmic reticulum No immunopositive reaction was observed in control specimens after the omission of antibody or with absorption of and mitochondria. In WHHL rabbits the number of NOS1-containing gold a synthetic peptide corresponding to the antigen in aortic wall cells (Figs. 5c and 5e) .
particles appeared to decrease with age ( Figs. 6d and 6e ; Table 3 ). Often no NOS1 gold particles, or only a few, were Postembedding electron microscopy double gold labeling cytochemistry. ECs from NZW rabbit aorta of all age observed in the cytoplasm of ECs of 12-or 24-month-old or an absence of ET-1 was frequently observed. The density of ET-1-containing gold particles in subendothelial lipidladen macrophages and SMCs increased with the progression of atherosclerotic lesions.
Control specimens, which were processed according to the WHHL rabbits. However, in the aortic intima where subendothelial macrophages or SMC were present, NOS1 was same procedure, but with the omission of primary antibodies (NOS1-3 or ET-1) or with synthetic peptides, were devoid prominent in cytoplasm (Fig. 6e) , although the lipid-laden areas of the cytoplasm were free from NOS1.
of any gold particles in their cytoplasm. No particles were seen in the nuclei of EC or in other layers of the vascular Only aortic EC from newborn NZW rabbits showed the presence of NOS2 in the cytoplasm ( Fig. 6b; Table 3 ). In wall in NZW and WHHL rabbits using the control methods.
Only very occasionally were one or two gold particles found aging rabbits NOS2 was reduced and was very often completely absent.
when rabbit polyclonal antibodies were used (data not shown). The ultrastructural distribution of NOS2-positive gold particles in WHHL rabbits was similar to that for NOS1. The
Morphometric studies: Preembedding PAP immunocytochemistry. The difference between NZW and WHHL rabparticles were associated with the cytoplasm rather than with cell organelles. In particular, EC and subendothelial bits in the number of ECs positively stained for NOS1, NOS2, and ET-1, but not NOS3, was significant across all macrophages or SMCs from aorta of 24-month-old WHHL rabbits showed an increased amount of NOS2 in the cytoplasm. A cluster-like localization of NOS2 was prevalent (Fig. 6e) . The subendothelial lipid-laden macrophages and showed clusters of NOS3 in their matrices (Fig. 6d) number was considerably higher compared with young NZW rabbits (Fig. 6b) . ECs from the thoracic aorta of WHHL Note. One hundred random observations were made from each rabbit (5 rabbits in each age group were used).
rabbits from all age groups showed a distribution of ET-1
FIG. 2. NOS1 and NOS3 labeling in the thoracic aortic intima of NZW rabbits from the different age groups (a, b) and control specimen (c) and NOS1 labeling in the thoracic aortic intimal cells of 12-month-old WHHL rabbit (d). (a)
A large number of NOS1 immunopositive endothelial cells (EC) were seen in the thoracic aortic intima from 12-month-old NZW rabbits. Original magnification ϫ2500. (b) A high intensity of NOS3 immunopositive reaction in the cytoplasm of EC was seen in the thoracic aortic intima from 6-month-old NZW rabbit. Most cytoplasmic vesicles (single arrow) and mitochondria (double arrows) and the nucleus (N) of EC were free from NOS3 immunopositive precipitate. Original magnification ϫ10,000. (c) Thoracic aorta from 12-month-old NZW rabbit, processed for immunocytochemistry as a control by omitting NOS3 antibody, showing no immunopositive staining in EC or in the subendothelium. Original magnification ϫ10,000. (d) Thin section obtained from aorta of 12-monthold WHHL rabbit. NOS1 immunopositive macrophages appear in atherosclerotic lesioned aorta (asterisk). Lipid-laden areas of the cytoplasm were free from immunopositive products (double arrows). EC does not show any NOS1 immunopositive reaction. Original magnification ϫ5000. VL, vessel lumen. age groups ( Table 2 ). The percentage of NOS1-positive ECs NOS1-immunopositive ECs was unchanged compared with the 12-month-old rabbits (8-10%). However, the percentage was 15-20 and 20-25% in newborn WHHL and NZW rabbits, respectively. During the progression of atheroscleof NOS1-immunopositive ECs was significantly lower than that found in NZW newborns (20-25%). rotic lesions the number of NOS1-immunopositive ECs decreased with age. In the 24-month-old rabbits, less than 1%
The number of NOS3-immunopositive ECs in WHHL rabbits remained generally unchanged during the progresof ECs were immunopositive for the antibody against NOS1 (Table 2 ). In aged control NZW rabbits the proportion of sion of atherosclerotic lesions. Moreover, in 24-month-old WHHL rabbits the number of NOS2-and NOS3-immunopositive ECs was similar ( Table 2 ). The number of ET-1-positive ECs in NZW rabbits decreased from newborn to 3-6 months and in 12-month-old rabbits, but subsequently returned to the level seen in newborn animals (Table 2) . In WHHL rabbits the number of ET-1-immunopositive ECs was significantly increased from newborn to 24 months, when 65-75% were ET-1-positive. The number of ET-1-immunopositive lipid-laden macrophages and SMCs in the intima and medial layers of the vascular wall also showed a significant increase during the progression of atherosclerotic lesions (data not shown).
Quantitative postembedding double gold labeling immunocytochemistry. Gold particles associated with NOS1, NOS2, NOS3, and ET-1 in thoracic aortic EC of WHHL and NZW rabbits at different ages are summarized in Table 3 .
The presence of NOS1-containing gold particles in newborn WHHL rabbits was slightly, but not significantly, less than in newborn NZW rabbits. However, in 3-to 6-monthold WHHL rabbits a significant decrease in specific volume of gold particles was seen when compared with control NZW rabbit aortic endothelium (P Ͻ 0.05; Table 3 ). No significant difference in the specific volume of NOS1-containing gold particles was observed between WHHL and NZW rabbits in the 12-month-old groups. In 24-month-old WHHL rabbits, however, aortic ECs showed significantly less NOS1 compared with NZW rabbits at the same age (P Ͻ 0.05; Table  3 ). We have found that from newborn to 24 months there is a statistically significant decrease in the amount of NOS1 in aortic ECs of WHHL rabbits. Significant decreases were also seen between 12 and 24 months (P Ͻ 0.05). In NZW rabbits, significant decreases in the number of NOS1-containing positive gold particles were seen between newborn and 12 and 24 months. Significant differences were also observed between the following: 3-6 months and 12 months, 3-6 months and 24 months, 12 months and 24 months (Table 3) .
The number of NOS2-labeled gold particles in newborn,
FIG. 3. Ultrastructural features of NOS3 immunolabeling in tho-
3-to 6-month, 12-month, and 24-month-old WHHL rabbits racic aortic intima of WHHL rabbits. (a) NOS3 immunopositive endowas significantly higher than in NZW rabbits at correspondthelial cells (EC) in thoracic aorta from 12-month-old WHHL rabbit.
ing ages (P Ͻ 0.05; Table 3 ). During the progression of old and 24-month-old rabbits (P Ͻ 0.05; Table 3 ). There VL, vessel lumen; N, nucleus. were no significant differences observed in NOS3 levels in aortic ECs between newborn and 24-month-old WHHL and NZW rabbits (Table 3) . However, there were significant
FIG. 4.
The ultrastructural characteristics of NOS2 staining on thoracic aorta from WHHL rabbits during the progression of atherosclerotic lesions. (a) NOS2 immunopositive staining in endothelial cells (EC) from the thoracic aorta of 6-month-old WHHL rabbit. Original magnification ϫ10,000. (b) NOS2 immunopositive staining is absent in the control specimen processed for immunocytochemistry but omitting NOS2 antibody. Section was obtained from thoracic aorta of 24-month-old WHHL rabbit. Original magnification ϫ6000. (c) and (d) The presence of NOS2 immunopositive macrophages in the subendothelium of thoracic aorta from 1-and 24-month-old WHHL rabbits, respectively. No immunopositive staining is seen in the cytoplasm of altered endothelium. The lipid-laden area of the cytoplasm of the macrophages also shows the absence of any NOS2 immunopositive reaction (double arrows). Original magnification ϫ8,000 (c), ϫ10,000 (d). N, nucleus; SMC, smooth muscle cell; VL, vessel lumen. differences between the 3-to 6-month-old and the 12-monthof age than in 24-month-old animals (Table 3) . Thoracic aortic ECs of 3-to 6-month-old NZW rabbits showed sigold WHHL and NZW rabbit groups (P Ͻ 0.05). No significant differences were seen between the different age groups nificantly less NOS3 compared with the 12-month-old group, but their volume was significantly more than that seen at 24 of WHHL rabbits, except between the 3-to 6-month-old and the 12-month-old groups (P Ͻ 0.05; Table 3 ).
months (P Ͻ 0.05). Significant difference was also seen between the 12-and 24-month-old groups (P Ͻ 0.05; In NZW rabbits, the number of NOS3-positive gold particles was significantly higher in newborn, 3-6, and 12 months Table 3 ).
FIG. 5.
Ultrastructural features of ET-1 labeling in thoracic aortic endothelial cells (EC) from NZW rabbits and WHHL rabbits of differing ages. (a) A high intensity of ET-1 immunopositive EC was seen in thoracic aortic intima in 6-month-old NZW rabbit. ET-1 immunopositive reaction is absent in the matrix of mitochondria (double arrows) and EC nucleus (N). Original magnification ϫ8000. (b) An intense ET-1 immunopositive reaction (arrows) was seen in the cytoplasm of "synthetic" types of EC from newborn NZW rabbits. The membrane and the matrix of granular endoplasmic reticulum displayed a particularly intense immunopositive reaction. Original magnification ϫ40,000. (c) Control specimen of aorta from 12-month-old NZW rabbit, processed using the same procedures but omitting ET-1 antibody. No immunopositive reaction was seen in EC or other areas of aortic intima. Original magnification ϫ6000. Note. Statistical differences (P Ͻ 0.05) are denoted by: *compared with control (NZW at corresponding age); †compared with newborn; ‡compared with 3-6 months; #compared with 12 months; ¶compared with 24 months. All values are expressed as means Ϯ SEM.
The increase in ET-1 containing positive gold particles in and ET-1 immunoreactivity in aortic intimal cells and medial WHHL rabbits was significantly more than that seen in NZW layers. A significant decrease in NOS1, but not in NOS3 rabbits across age groups (Table 3) . Comparative analysis immunoreactivity is limited to thoracic aortic ECs of WHHL showed that significant differences were seen between the rabbits and is associated with the progression of atherosclefollowing age groups: newborn and 24 months, 3-6 months rotic lesions. The lack of changes in these vasoactive suband 12 months, and 12-and 24-month-old WHHL rabbits stances in early stages of atherosclerotic lesions indicates (Table 3) . In NZW rabbits ET-1 decreased from newborn to that the influence of high lipid plasma levels and a deficiency 3-6 months and had increased by 12 and 24 months. Howof low-density lipoprotein receptors among EC in aortic ever, the significant differences were seen only between intima is a long-term effect. These findings suggest that high newborn and 3-6 months and 24-month-old groups; 3-6 lipid levels selectively influence the vasoactive substances months compared with 12 months, 3-6 months compared in the rabbit thoracic aortic endothelium and other intimal with 24 months; and 12 compared with 24 months (Table  cells . Alternatively, the atherosclerotic lesions may modulate 3; P Ͻ 0.05, respectively).
the endothelium-dependent vasorelaxation and vasoconstrictor activity in EC during their development and progression. Selective decrease of endothelium-dependent vasorelaxation has been reported in the pulmonary artery and aorta of DISCUSSION cholesterol-fed rabbits (Verbeuren et al., 1986 (Verbeuren et al., , 1990 , in the thoracic aorta (Kolodgie et al., 1990; Ragazzi et al., 1993 Ragazzi et al., , 1995 , peripheral large arteries and hindlimb microcirThe present study shows that there are significant increases in the expression of NADPH-d and NOS1, NOS2, NOS3, culation of WHHL rabbits (Cirillo et al., 1992) , and in human of EC from the thoracic aorta of newborn WHHL rabbits (double arrows indicate ET-1 immunopositive gold particles, 20 nm). Original magnification ϫ80,000. coronary arteries (Bossaller et al., 1987; Forstermann et al., impaired neutralization of unwanted ROS (Rubanyi and Vanhoutte, 1986; Rubanyi et al., 1991) . The decreased amount 1988). Reduced synthesis and/or inactivation of EDRF have of vasoactive NO and the diminished response of endothelial been implicated in impaired endothelium-dependent vasorecell dependant vasorelaxation could lead to the expression of laxation in WHHL rabbits (Tagawa et al., 1991) . The vascuinducible NOS, characterized by the formation of nanomolar lar content of L-arginine is significantly lower in WHHL amounts of NO (Buga et al., 1993; Ignarro, 1990) . rabbits than in NZW rabbits (Chinellato et al., 1992) . HowIt has been shown that NO derived from intact endothelium ever, later studies have shown that the NOS3 protein and under whole-blood arterial flow conditions may be an immRNA increase in WHHL rabbit atherosclerotic aorta deportant modulator for neutrophil interaction with intact endospite impaired endothelium-dependent vasorelaxation (Kathelium (Provost et al., 1994) . Increased NOS immunoreacnazawa et al., 1996) . tivity in aortic wall cells probably exerts a protective effect The absence of differences in positive staining for by increasing the number of leukocytes adhered to vascular NADPH-d in ECs of control and experimental groups sugendothelium. The progression of atherosclerotic lesions in gests that all three isoforms of NOS utilize NADPH-d as a WHHL rabbits induces changes in NOS and ET-1 immunorecofactor (Palmer et al., 1988; Moncada et al., 1991) and activity, which starts at an early stage of embryogenesis. that the enzymatic activities of NOS and NADPH-d can be
Subsequently, chronic accumulation of plasma lipids, adheattributed to the same protein (Hope et al., 1991) . The sion and migration of monocytes from vessel lumen to vascuchronic actions of high levels of plasma lipids also influence lar wall, and migration of SMCs from medial layers may vasoactive substances of perivascular nerves. Some studies stimulate expression of NOS in foam cells and SMCs of have shown that diet-induced atherosclerosis exerts an inhibsubendothelial and medial layers of the aortic wall. Expresitory action on the sympathetic nerve terminals in the aorta sion of NOS2 plays a significant role in the control of major and pulmonary artery of the rabbit, and, together with an vessel and ductus arterious caliber in the rat fetus (Bustainhibitory effect at the postjunctional level, it results in a mante et al., 1996) . It has been shown that apoptosis of loss of responsiveness to nerve stimulation (Verbeuren et myocardial cells during cardiac allograft rejection parallels al., 1994). Consistently, we have shown that increased ETthe expression of NOS2, suggesting that apoptosis can be 1 immunoreactivity in thoracic aortic endothelium in rats is triggered by NO and peroxynitrite (Szabolcs et al., 1996) . associated with the depression of NOS3 immunoreactivity Reduced synthesis and/or inactivation of EDRF have been after long-term, but not short-term sympathectomy (Aliev implicated in impaired endothelium-dependent relaxation in et al., 1996) . It is possible that the inhibition of intraneuronal WHHL rabbits (Kolodgie et al., 1990; Ragazzi et al., 1993) . deamination could be the key factor in influencing the inMoreover, the atherosclerotic vessels become less sensitive creases of NADPH-d and therefore NOS immunoreactivity to vasoactive stimuli (Kolodgie et al., 1990) . This may be in perivascular nerves seen in the thoracic aortic intimal due to thickened intima or increased lipids in the vessel wall cells in our experiments.
of atherosclerotic vessels, which act as a barrier to diffusion The expression of NOS1 immunoreactivity in the intimal of EDRF from the endothelium to the underlying vascular cells of the thoracic aortic wall during the development of smooth muscle (De et al., 1991 (De et al., , 1992 . atherosclerotic lesions in WHHL rabbits is probably related
The present study shows that during the development of to the formation of large amounts of reactive oxygen species atherosclerotic lesions in WHHL rabbits, NOS3 immunore-(ROS) which require NO for their neutralization (White et activity remains unchanged. NOS3 is mainly a plasma memal., 1994) . ROS have been implicated in both the pathogenebrane protein that metabolizes L-arginine to NO (Pollock et sis and the altered physiological responses to atherosclerosis. Garcia-Cardena et al., 1996; Aliev et al., 2000) . Oxidation of low-density lipoproteins, a critical event in
The absence of NOS3 immunoreactivity in damaged EC atheroma formation, is associated with enhanced cellular suggests different activities of vasoactive substances in vivo production of O 2Ϫ ; (Steinberg et al., 1989) . The presence and in vitro. It is probably caused by altered intracellular of different isoforms of NOS such as we observed in atherotrafficking of NOS3 proteins and NOS3-dependent NO resclerotic aortic intimal cells may be related to the degradation lease from EC, which are associated with the development of NO by ROS, which is formed continuously in the chronic and progression of atherosclerotic lesions. hyperlipidemic condition. Rubanyi and co-workers have
In conclusion, the present study has demonstrated that the demonstrated that the continuous utilization of picomolar development and progression of atherosclerotic lesions in amounts of NO by constitutive types of NOS (NOS1 and WHHL rabbits induce increased expression of NADPH-d, NOS2, and ET-1 immunoreactivity and no changes in NOS3 NOS3) seen in various disease conditions is induced by Inducible nitric oxide synthase and the regulation of central vessel immunoreactivity, but selectively decreased NOS1 in aortic caliber in the fetal rat. Circulation 94, 1948-1953. endothelial cells. These data suggest that the balance beCayatte, A. J., Palacino, J. J., Horten, K., and Cohen, R. A. (1994 
